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ElutionAbstract The present investigation attempted to develop the ceramic adsorbent media in order to
remove uranium from crude phosphoric acid (aqueous phase). The adsorption capacity of the stud-
ied commercial ceramic sample was determined (about 11 mg U/g ceramic). The relevant factors
affecting uranium adsorption on ceramic adsorbent were studied. These involved: contact time, ini-
tial uranium concentration, temperature, pH, adsorbent dosage and phosphoric acid concentration.
The optimum adsorption conditions were chosen. Also, the equilibrium adsorption isotherms for
uranium adsorption on the studied ceramic sample were determined. Uranium removal from crude
phosphoric acid by the ceramic adsorbent was studied using columnar technique. The achieved sat-
uration capacity was about 20% of the primarily determined (11 mg U/g ceramic). About 95% of
the loaded uranium on the ceramic adsorbent was eluted using NaCl (acidiﬁed with H2SO4) as an
eluent solution.
ª 2012 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Pollution with radioactive elements (especially uranium) is
considered as the most hazardous that the environment could
face. As it well known, many materials that are usually found
in the earth’s crust contain small (but measurable) amounts of
naturally occurring radioactive materials (NORM). On the
other hand, some particular ores contains natural radionuc-lides at levels much higher than those present in the NORM
and are also subject to radioisotope enrichment during techno-
logical processing. The latter is known as technologically en-
hanced natural radioactivity (TENR). The most important
resources of TENR are coal-red power plants, uranium mining
and phosphatic fertilizers industry. In phosphatic industry,
rock phosphate is digested with sulfuric acid for the produc-
tion of phosphoric acid and phosphatic fertilizers. Thereupon,
uranium present in rock phosphate would be transferred to the
products and by-product (phosphogypsum). The uranium
contamination could enter the environment and possibly pose
radiation exposure concerns through several pathways: (1)
from using fertilizers in cultivation, (2) from using phospho-
gypsum as agricultural gypsum, and (3) from using phospho-
gypsum as a building material.
Adsorption of uranium by solid material is a suitable choice
for ﬁnal puriﬁcation of liquid wastes with appreciable removal
efﬁciency (McGuire and Suffett, 1983). However, various
S362 A.E.M. Hussein, A.M.A. Morsylow-cost clay/soil based ceramics have been developed to treat
liquid wastes by removing various metals, nutrients and dyes
(Van et al., 2009; Bhakta and Munekage, 2009; Morsy and
Hussein, 2011; Donat, 2009; Guanghui et al., 2010; Misaelides
et al., 1995; Shuibo et al., 2009; Fangli et al., 2011; Abbasi and
Streat, 1994; Starvin and Rao, 2004; Kutahyalı and Eral, 2010;
Saeed et al., 2005; Hasany et al., 2002; Hasany et al., 2001;
Hasany et al., 1998; Ferreira et al., 2004; Toker et al., 1998;
Hussein, 2011; Santana et al., 2004). Generally, the ceramic
has no different proportions which accentuate the strengths
of the materials in which the atoms are very regular, producing
edges and facets. In traditional ceramics, small and variously
sized metal oxides crystals containing alumina and silica exist
in the contained clays. Ceramics are usually ionic or covalent
bonded materials and can be crystalline or amorphous.
The present work deals with testing a commercial ceramic
sample for uranium adsorption from crude phosphoric acid
(as a costless non-conventional adsorbent) of environmental
importance. All the experiments were carried out to choose
the optimum adsorption conditions. Uranium adsorption efﬁ-
ciency was taken as a function of the following parameters
(conditions): contact time, initial uranium concentration, tem-
perature, solution pH, adsorbent dosage and phosphoric acid
concentration. Equilibrium adsorption isotherms were ana-
lyzed to obtain the Langmuir, Dubinin-Raduskevich (D-R)
and Freundlish constants. Uranium removal from crude phos-
phoric acid (aqueous phase) was carried out in columns. The
obtained results gave us a better understanding of the ceramic
adsorption (of uranium) phenomenon. Elution (or de-sorption)
of the loaded uranium upon the ceramic adsorbent was
achieved by testing a number of eluents.
2. Experimental
2.1. Materials and analytical procedure
The studied commercial ceramic sample was obtained from
Alfa Ceramic Co. Cairo Egypt. Its average chemical composi-
tion is shown in Table 1.
A uraniferous phosphoric acid stock solution was prepared
by adding a 100 ml portion of uranium solution assaying
1000 mg/L (by dissolving 0.1782 g of uranyl acetate [UO2
(CH3COO)2Æ2H2O] of BDH Chemicals Ltd. Poole, England
in 100 ml distilled water) to a previously prepared phosphoricTable 1 Chemical composition of the studied commercial
ceramic sample.
Constituent Wt. (%) Constituent Wt. (%)
SiO2 66.15 Na2O 1.81
Al2O3 20.76 K2O 20.7
Fe2O3 4.83 MnO3 0.08
TiO2 1.20 MgO3 0.34
CaO 0.63 P2O5 0.33
Constituent ppm Constituent ppm
Zr 2299.0 Cd 1.7
Y 44.2 Ce 53.0
Zn 977.9 Co 16.4
U 8.6 Cr 168.4
V 129.1 Sr 140.8acid solution assaying 5% P2O5. The buffers of pH 4 and 7
were used for calibration of the pH meter, and HCl and NaOH
solutions were added for pH adjustment.
Uranium was analyzed in the different working aqueous
phases using the Arsenazo III complex method (Marczenko,
1976). Absorbance of the formed uranium Arsenazo III
complex was measured at 650 nm against proper standard
solutions using a Lambada UV/VIS spectrophotometer
(Perkin-Elmer, USA).2.2. Preparation of the ceramic sample for adsorption
The obtained ceramic sample was ground in jaw and roll
crushers, homogenized, pulverized (in a ball mill) and sieved
through a 120 mesh (0.149 mm) sized sieve. The pulverized
ceramic was treated with a 0.5 M HNO3 solution at room tem-
perature. The treated sample was ﬁltered and washed with dis-
tilled water and dried overnight at 50 C in a laboratory oven.
2.3. Equilibrium studies (batch experiments)
In order to study the relevant factors affecting the adsorption
operation, many series of adsorption experiments were per-
formed using the synthetic uraniferous phosphoric acid stock
solution. These factors involved contact time, initial uranium
concentration, temperature, solution pH, the adsorbent dosage
and phosphoric acid concentration. From the obtained results,
the adsorption isotherms were resolved. The adsorption exper-
iments were performed by shaking 0.5 g sample portions of the
prepared sample of ceramic adsorbent with 20 ml of the syn-
thetic uraniferous phosphoric acid solution (of 50 mg/L) initial
uranium concentration) using a magnetic stirrer. The adsorbed
amounts of uranium were calculated by the difference between
its equilibrium and initial concentrations.
For eluting (or de-sorbing) the loaded uranium from the
ceramic adsorbent, a number of eluting agents were tested,
namely NaCl–H2SO4, Na2CO3–CaSO4 and citric (C6H8O6)
acid.
2.4. Columnar procedure
In the present work the study of uranium recovery (removal)
from the wet-process phosphoric acid in concern was carried
out using a glass column (of 1 cm diameter) packed with
10 g of the prepared ceramic adsorbent. The ceramic adsorbent
bed (6 cm) was initially wetted with dilute phosphoric acid.
The wet-process phosphoric acid solution was percolated
through the ceramic bed under a ﬁxed ﬂow-rate (of 2 ml/min).
Uranium elution (or de-sorption) from the loaded ceramic
bed was performed by passing the eluent solution of choice
through the latter under a ﬁxed ﬂow-rate of 1 ml/min.
3. Results and discussion
3.1. Results of equilibrium studies
3.1.1. Effect of contact time
In order to study the effect of increasing contact time upon
uranium adsorption on the ceramic adsorbent, a series of
adsorption experiments were performed by contacting a ﬁxed
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Figure 1 Effect of contact time upon uranium adsorption
efﬁciency on ceramic adsorbent.
Figure 3 Langmuir isotherm plot for uranium adsorption on
ceramic adsorbent.
Uranium recovery from wet-process phosphoricacid by a commercial ceramic product S363weight (0.5 g) with a ﬁxed portion (20 ml) from the synthetic
uraniferous phosphoric acid solution (of 50 mg U/L) adjusted
at pH 1 at room temperature (25 C). The studied time inter-
vals ranged from 5 up to 180 min. The obtained results were
plotted in Fig. 1. From this ﬁgure, the uranium adsorption efﬁ-
ciency attained about 20% at the ﬁrst experiment (of 5 min).
Uranium adsorption efﬁciencies steadily increased by increas-
ing time till the 3rd experiment (of 60 min) to attain about
95%. Increasing the contact time above 60 min gave no
improvement in the adsorption efﬁciency. Therefore, 60 min
is the optimum contact time.
3.1.2. Effect of initial uranium concentration
For studying the effect of initial uranium concentration upon
the adsorption efﬁciency on the ceramic adsorbent, a series
of experiments were performed by contacting a ﬁxed weight
(0.5 g) for 60 min at room temperature (25 C) and pH 1.
The studied initial uranium concentrations ranged from 50
up to 200 mg/L. The obtained results were plotted in Fig. 2.
From this ﬁgure, it is clearly obvious that uranium adsorption
efﬁciency decreases with increasing its initial concentration.
Therefore, the uraniferous solution of 50 mg U/L could be
chosen as the optimum concentration. The experimental
capacity of the ceramic adsorbent could be concluded from
Fig. 2 (about 11 mg U/g ceramic).
3.1.3. Adsorption isotherms
The adsorption isotherms for uranium adsorption upon cera-
mic adsorbent were obtained depending on Fig. 2. The equilib-
rium adsorption isotherms are analyzed to obtain theFigure 2 Effect of initial uranium concentrations upon uranium
adsorption efﬁciency on the ceramic adsorbent.Langmuir, Freundlich and Dubinin–Radushkevich (D–R)
constants.
3.1.3.1. Langmuir isotherm. Langmuir adsorption isotherm
models the monolayer coverage of the adsorbent surfaces
and assumes that sorption occurs on a structurally homoge-
neous adsorbent and all its sorption sites are energetically iden-
tical. The linearized form of the Longmuir equation is given by
the following equation (Hussein, 2011),
Ce=qe ¼ 1=ðbQ0Þ þ Ce=Q0 ð1Þ
where qe is the amount of solute adsorbed per unit weight of
adsorbent (mg/g), Ce is the equilibrium concentration of the
solute in the bulk solution (mg/L), Qo is the monolayer adsorp-
tion capacity (mg/g) and b is the sorption equilibrium constant
which is related to the free energy of adsorption (b = aeD g/RT)
The graphic representation of (Ce/qe) versus Ce gives a
straight line with a slope of (1/Q0) and intercept of 1/(bQ0)
as seen in Fig. 3. The Langmuir parameters are given in
Table 2.
3.1.3.2. Dubinin–Radushkevich (D–R) Isotherm. The D–R iso-
therm is more general than the Langmuir isotherm, because it
does not assume a homogeneous surface or constant sorption
potential. The D–R isotherm is represented by the following
equation,
lnðqeÞ ¼ lnðqmÞ  be2 ð2Þ
Where qe is the adsorbed amount of uranium at equilibrium, b
is a constant related to the adsorption energy, qm is the theo-
retical saturation capacity, and e is the Polanyi potential; i.e.,Table 2 Langmuir, Freundlich and Dubinin–Radushkevich
(D–R) parameters for uranium adsorption on ceramic
adsorbent.
Parameter Value R2
Langmuir isotherm Q0 (mg g
1) 11.428 0.931
b (L mg1) 0.0569
Freundlich isotherm Kf (mg g
1) 1.8 0.785
n 1.3
Dubinin–Radushkevich
D–R isotherm b (kJ2mol2)
0.0001 0.955
qm (mmol g
1) 8.36
Eads (kJ mol
1) 70.7
Figure 4 Dubinin–Radushkevich (D–R) isotherm plot for ura-
nium adsorption on ceramic adsorbent.
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Figure 6 Effect of temperature upon uranium adsorption
efﬁciency on ceramic adsorbent.
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where R is the gas constant (8.314 kJ/mol1 K1) and T is the
absolute temperature (K). The values of qm and b could be de-
duced by plotting ln (qe) versus e
2 (Fig. 4) and the mean energy
of adsorption (Eads) was calculated from the following
equation;
Ea ¼ 1=ð2bÞ1=2 ð4Þ
D–R constants are given in Table 2; from which it is clearly
obvious that the type of uranium adsorption on a ceramic
adsorbent is an ion exchange process.
3.1.3.3. Freundlich isotherm. The empirical model of the Fre-
undlich isotherm was shown to be consistent with experimental
distribution of active centers, characteristic of heterogeneous
surfaces. The logarithmic (linear) form of the Freundlich equa-
tion is written as follows (Freundlich, 1932),
LogðqeÞ ¼ logðKFÞ þ 1=nlogðCeÞ ð5Þ
Where Kf and n are the Freundlich constants which represent
sorption capacity and sorption intensity, respectively. A plot of
log(qe) versus log(Ce) would result in a straight line with a
slope of (1/n) and intercept of log(Kf) as seen in Fig. 5. The
Freundlich intensity constant (1/n) of a value less than unity
indicates a concentration dependent sorption for uranium on
ceramic (Fangli et al., 2011). Freundlich constants are given
in Table 2. The experimental data shows the adsorption of ura-
nium on ceramic adsorbent ﬁtted with Langmuir isotherm.Figure 5 Freundlich isotherm plot for adsorption of uranium on
ceramic adsorbent.3.1.4. Effect of adsorption temperature
To study the effect of temperature upon uranium adsorption
on a ceramic adsorbent, a series of the adsorption experiments
were performed using different temperatures ranging from 25
upto 60 C. In this series of experiments the other parameters
were kept constant, i.e., 12.5 g ceramic/L, initial uranium con-
centration of 50 mg/L, pH 1 and 60 min contact time. The ob-
tained results were plotted in Fig. 6. From this ﬁgure, it is
clearly obvious that uranium adsorption efﬁciency decreased
with increasing temperature. This indicates that the adsorption
reaction is an exothermic process.
3.1.5. Effect of pH
The pH of the aqueous solution is an important variable in the
adsorption operation. Therefore, the effect of pH upon ura-
nium adsorption by ceramic was studied in the pH range of
1–9. The experiments were performed under the constant ini-
tial uranium concentration of 12.5 g ceramic/L at room tem-
perature (25 C) for 60 min shaking time. The obtained
results were plotted in Fig. 7. From this ﬁgure, one could ob-
serve that uranium adsorption efﬁciency sharply decreases
with increasing pH values. The decrease of uranium adsorp-
tion efﬁciency by increasing the solution pH’s (after pH 1) ura-
nyl ions starts to hydrolyze (Misaelides et al., 1999) and after
pH 4 precipitation stats. Also, the oxides present in the studied
ceramic sample (i.e. SiO2, Al2O3, Fe2O3, CaO and MgO) cane
cause a pronounced adsorption competition between them and
uranium. Thus, we can recommend the use of a solution hav-
ing pH value of 1.0
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Figure 7 Effect of solution pH upon uranium adsorption
efﬁciency on ceramic adsorbent.
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Figure 8 Effect of increasing ceramic adsorbent amount (dose)
upon uranium adsorption efﬁciency on ceramic adsorbent.
Table 3 Elution yields using different eluent reagents.
Eluent type Elution eﬃciency, %
1 M NaCl + 0.1 M H2SO4 95.25
1 M NaCl + 0.05 M H2SO4 92.48
0.5 M Na2CO3 + 1.5 M CaSO4 71.34
0.5 M Citric acid 68.70
Uranium recovery from wet-process phosphoricacid by a commercial ceramic product S3653.1.6. Effect of increasing ceramic amount (dose)
In order to study the effect if increasing ceramic amounts upon
uranium adsorption efﬁciency, a series of adsorption experi-
ments were performed using different ceramic amounts (doses)
ranging from 2.5 up to 15 g ceramic/L. the other conditions
(parameters) were ﬁxed at 50 mg U/L as initial uranium con-
centration, 1 pH value and 60 min contact time at room tem-
perature. The obtained data are plotted in Fig. 8 in which one
can observe that uranium adsorption efﬁciency increased pro-
portionally with increasing ceramic amount (dose) till the 5th
experiment (12.5 g ceramic/L). Increasing the amounts of cera-
mic adsorbent beyond the dose of 12.5 g/L gave no improve-
ment in the adsorption efﬁciency, due to the increase of
undesired active sites exceeding the ﬁxed uranium amount
(50 mg/L) in the ﬁxed solution portions 20 ml).
3.1.7. Effect of phosphoric acid concentration
For studying the effect of phosphoric acid concentration upon
uranium adsorption efﬁciency, a series of adsorption experi-
ments were performed using different phosphoric acid (P2O5)
concentrations ranging from 5 up to 40%. The other condi-
tions were ﬁxed at 12.5 g ceramic/L 50 mg U/L as initial ura-
nium concentration, 1 pH value and 60 min contact time at
room temperature. Fig. 9 shows a plot of the obtained results.
From this ﬁgure, it is clearly obvious that uranium adsorption
efﬁciency decreased (sharply) with increasing P2O5 concentra-
tion. This observation could be explained by the fact that,
increasing P2O5 concentration is associated with the increase
of hydrogen protons in the solution which can compete ura-
nium adsorption on the surfaces of ceramic particles.Figure 9 Effect of increasing P2O5 concentration upon uranium
adsorption efﬁciency.3.1.8. Choice of the optimum adsorption conditions
According to the obtained data from the study of the relevant
factors affecting uranium adsorption on ceramic adsorbent,
the following optimum conditions are choiced; namely,
50 mg U/L as initial uranium concentration in a solution pH
of 1 is contacted with 12.5 g ceramic/L for 60 min. contact time
at room temperature.
3.2. Uranium elution (de-sorption)
The following eluting agents, i.e. 1 M NaCl + 0.1 M H2SO4,
1 M NaCl + 0.05 M H2SO4, 0.5 M Na2CO3 + 1.5 M CaSO4
and 0.5 M citric acid were tested for uranium elution from
the loaded ceramic. The elution experiments were carried out
by three elution circuits by shaking the loaded ceramic sample
(4 g) with three fresh eluent portions (20 ml each). A system-
atic calculation of the eluted uranium amounts was summa-
rized in Table 3. From this Table, it is clearly obvious that
the 1 M NaCl + 0.1 M H2SO4 elution solution is the best solu-
tion tested for uranium elution from the loaded ceramic
adsorbent.
3.3. Uranium recovery from crude phosphoric acid
As previously mentioned, the prepared ceramic adsorbent has
a satisfactory uranium adsorption capacity (about 11 mg U/g
ceramic). In this work, the study of uranium recovery from
crude phosphoric acid was carried out using a glass column
(1 cm diameter) packed with 10 g of the prepared ceramic
adsorbent. The ceramic bed (6 cm) was initially wetted with di-
lute phosphoric acid. The crude phosphoric acid solution was
percolated through the ceramic bed for uranium adsorption
using a ﬁxed ﬂow-rate of 2 ml/min. For uranium elution (or
de-sorption) from the loaded ceramic bed, the choiced eluent
solution was passed through the latter under a ﬁxed ﬂow-rate
of 1 ml/min.
3.3.1. Uranium adsorption
Adsorption operation (loading) of uranium is the ﬁrst step in
the ion-exchange process. The obtained data of uranium
adsorption efﬁciencies are plotted in Fig. 10 which is a plot
of the collected efﬂuent samples versus throughput volumes
(adsorption or loading curve). Actual uranium breakthrough
has been observed at the 16th sample fraction (throughput va-
lue of 320 ml) where uranium concentration in the efﬂuent at-
tains 1.17 mg/L (about 2% of that in the feed). On the other
hand, an almost adsorbent (ceramic) saturation was seen at
the 42nd sample fraction (throughput volume 840 ml). System-
atic calculation of the loaded uranium contents from its anal-
ysis in the efﬂuent sample portions revealed that only 33.64 mg
of uranium has been adsorbed. Comparing this loading
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Figure 10 Uranium adsorption curve of crude phosphoric acid
by ceramic adsorbent.
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Figure 11 Uranium elution curve of ceramic adsorbent using
1 M NaCl + 0.1 M H2SO4 as eluent.
S366 A.E.M. Hussein, A.M.A. Morsycapacity with the theoretical capacity of ceramic (about
11 mg U/g ceramic) indicates that under working conditions
about 41% of theoretical capacity was realized. The decrease
in the ceramic capacity after contacting with the working
sample (crude phosphoric acid) may be due to the competition
between uranium and the present ions (especially iron).
3.3.2. Uranium elution
The solution of 1 M NaCl + 0.1 M H2SO4 is used as an eluent
for uranium from the ceramic bed. The plotted curve (Fig. 11)
exhibits the famous bell-shaped curve with a major peak at the
8th throughput sample. Systematic calculation of the eluted
samples (20 ml each) for uranium analysis in the collected solu-
tion gave about 95% uranium elution efﬁciency (about
31.9 mg U were eluted).
4. Conclusions
The obtained results of uranium adsorption showed that the
activated ceramic sample is an efﬁcient adsorbent for uranium
recovery from crude phosphoric acid. The calculated capacity
of the ceramic sample was about 11 mg U/g ceramic. The ob-
tained low uranium adsorption efﬁciency (33.6% of its theoret-ical capacity) may be due to the adsorption competition
between uranium and the foreign ions present in the solution
(especially iron). More than 95% of the loaded uranium was
eluted using a solution composed of 1 M NaCl + 0.1 M
H2SO4.Acknowledgement
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